An in situ optical absorbance measurement was used to study the growth dynamics of vertically aligned single-walled carbon nanotubes (VA-SWCNTs) synthesized by chemical vapor deposition of ethanol. The growth rate of the VA-SWCNT film was found to decay exponentially from an initial maximum, resulting in an effective growth time of approximately 15 minutes. Investigation of various growth conditions revealed an optimum pressure at which growth is maximized, and this pressure depends on the growth temperature. Below this optimum pressure the synthesis reaction is first-order, and the rate-limiting step is the arrival of ethanol at the catalyst. We also present a novel method for determining the burning temperature of low-mass materials, which combines the in situ absorbance measurement with controlled oxidation.
Introduction
The potential to utilize the various exceptional properties [1, 2] of single-walled carbon nanotubes (SWCNTs) in a wide range of novel applications [1, 2, 3] has motivated much research in nanoscience and nanotechnology. However, the realization of most proposed applications requires not only scalable methods of synthesizing high-purity SWCNTs, but also control over their location and orientation. A significant development in this area was the synthesis of vertically aligned (VA-)SWCNT films, which was first achieved [4] by combining a dip-coat catalyst loading process [5] with the alcohol catalytic chemical vapor deposition (ACCVD) In a previous report [16] we presented an in situ optical absorbance measurement technique, by which the thickness of a VA-SWCNT film could be measured during growth. In the present study, we employ this real-time technique to investigate the growth dynamics of VA-SWCNTs, and find that as growth progresses, the growth rate of the VA-SWCNTs exponentially decreases from an initial maximum. We have also systematically investigated the temperature and pressure effects on the initial film growth rate, and find the optimum growth pressure changes with the CVD temperature. Below this optimum pressure the growth reaction is first-order, with the arrival of ethanol at the catalyst being the rate-limiting step. These new findings are important in clarifying the processes governing the growth reaction. We also present a new method of measuring the burning temperature of a lowmass material, which combines the in situ absorbance measurement with controlled oxidation. This method is demonstrated using a portion of a VA-SWCNT film that has insufficient mass to measure using conventional thermogravimetric analysis.
Experimental
Films of VA-SWCNTs were synthesized on an optically polished quartz substrate that had been dip-coated [5] into Co and Mo acetate solutions (metal content 0.01 wt % each). VA-SWCNTs were synthesized from ethanol at temperatures between 750 and 825°C, and the CVD time was typically 10-20 min. Details regarding the synthesis procedure have been reported elsewhere [4, 16, 17, 18] .
A cross-sectional scanning electron microscope (SEM) image of a VA-SWCNT film is shown in Fig. 1a . In the corresponding resonance Raman spectrum (Fig. 1b , excitation wavelength λ ex = 488 nm), the presence of a strong peak at 1592 cm −1 (the G-band) and radial breathing mode (RBM) peaks between 100 and 350 cm −1 reveal the presence of SWCNTs (see e.g. [19] ). The weak intensity of the D-band near 1340 cm −1 relative to the G-band reflects the high purity of the SWCNTs. In the RBM region, a dominant peak at 180 cm −1 indicates the SWCNTs are oriented normal to the substrate surface [20] .
Growth of the VA-SWCNT film was recorded using the in situ optical method de- scribed in Ref. [16] . Prior to growth, the dip-coated quartz substrate was positioned such that a laser (here, λ = 488 nm) was incident normal to the substrate through a small opening (dia. ≈ 4 mm) in the bottom of the CVD furnace. The intensity of the transmitted light was measured after passing through another small opening in the top of the furnace, and the absorbance of the VA-SWCNT film was determined using the Beer-Lambert law.
Results and Discussion

Description of the growth process
In the alcohol CVD process, synthesis of VA-SWCNTs occurs by a root-growth mechanism [21] , where ethanol molecules react with metal catalyst nanoparticles on the substrate surface. dt . Normalized growth rates, obtained by differentiating the absorbance data, are plotted in Fig. 2b . It is clear that as the reaction progresses, the growth rate decreases exponentially from an initial maximum. One possible explanation for this behavior is that the growing VA-SWCNT film acts as a diffusion barrier, impeding the supply of ethanol to the catalyst. For VA-SWCNT films of the thickness discussed in this report, however, the diffusion resistance imposed by the film is negligible [23] . The more plausible explanation for the exponential decay of the growth rate is some form of catalyst poisoning, which may be due to the formation of a carbonaceous layer around the catalyst nanoparticles, or secondary reactions with byproducts of ethanol dissociation. In this case, the rates of these catalyst poisoning processes are proportional to the rate of the synthesis reaction. Hence, we postulate that the SWCNT synthesis reaction is self-exhausting, expressed by expression for the growth rate,
where γ 0 = γ(t = 0) is the initial growth rate of the VA-SWCNT film. This is the typical form of a decay process, and is expected based on our assumption of irreversible catalyst poisoning (i.e. no reactivation mechanism). The overall thickness of the synthesized VA-SWCNT film is the integral of the growth rate. Taking into account the initial condition L(t = 0) = 0, the overall thickness
This equation shows the maximum obtainable film thickness is L(t → ∞) = γ 0 τ, which is appropriately determined by the two fitting parameters.
The data in Fig. 2a were fitted using Eq. (3). The growth rates for these two cases are plotted in Fig. 2b . The superimposed lines are calculations using Eq. (2) and values of τ determined from fitting. The results of many such fittings reveal a wide range of initial growth rates, spanning an order-of-magnitude, but much less variation in the time constant, which typically has values of τ ≈ 4.5 ± 2.5 min. For these values, the effective growth time is approximately 15 min (see Fig. 1b ).
Equation (3) has the same form as the simplified kinetic model described by Puretzky et al. [24] , which disregards secondary catalyst deactivation processes. Based on this model,
where k sb and k cl are the rates of incorporation of carbon into the catalyst nanoparticle and formation of a carbonaceous layer on the catalyst surface, respectively, and J is the incoming flux of carbon to the catalyst. The initial growth rate γ 0 is described by
revealing that γ 0 is proportional to the flux of carbon at the catalyst surface.
A different perspective on the growth can be obtained by replacing γ with dL dt and then integrating Eq. (1). This yields
which indicates the growth rate decreases linearly with increasing film thickness. This suggests the diminishing growth rate is caused by reaction-driven catalytic deactivation rather than diffusion-limited transport. Without catalytic deactivation, the growth rate is expected to be constant in the case of no diffusion resistance, and proportional to t −1/2 (where t is the CVD time) in the strong diffusion-limited regime [23] . The latter likely applies to mm-thick VA-SWCNT films such as the socalled 'supergrowth' [8] , even though the dependence of the final film thickness on CVD time was interpreted as catalytic poisoning [25] . For the purpose of controlling and optimizing VA-SWCNT synthesis it is important to discriminate between these behaviors, which have different origins and impose different limitations.
It is interesting to note that the time constant τ obtained from the alcohol catalytic CVD method (∼ 4.5 min) happens to be similar to that reported by Futaba et al. [25] for catalytic CVD of ethylene. Other CVD methods, however, report nearly linear growth rates [10, 11] , thus a τ of several hours. This suggests the reaction mechanism and effective growth time are dependent on the synthesis method. One possible explanation for the slow growth rate found for alcohol CVD is that pure ethanol does not supply the proper balance of carbon, hydrogen, and oxygen. A number of groups have reported [8, 9, 10, 13] that the proper carbon-hydrogen-oxygen balance is critical to the synthesis of mm-long VA-SWCNT films, so the addition of one or more of these elements may significantly increase the growth rate and yield of VA-SWCNTs synthesized by alcohol CVD.
Effect of synthesis conditions on growth parameters
In this section we present the results of a series of CVD experiments systematically carried out to investigate the influence of the growth environment on the initial growth rate γ 0 and the reaction time constant τ.
A series of growth profiles corresponding to different CVD temperatures and ethanol pressures are shown in Figs. 3a -3d . In all cases, the ethanol flow rate was 500 sccm. The circles represent experimental values, while the curves were fitted using Eq. (3). The main result in Fig. 3 is that for each growth temperature there is a different optimum pressure, P opt , at which overall VA-SWCNT growth is maximized. Furthermore, P opt increases with CVD temperature, as shown in Fig. 4 .
Equation (5), which describes the film growth rate, is an Arrhenius equation, with the prefactor proportional to the flux, and an overall activation energy E a . An Arrhenius plot of γ 0 is shown in Fig. 5 . The data are the initial growth rates corresponding to P opt for each temperature. The data do not fall exactly on a line, but follow a linear trend. The activation energy determined from this linear approximation is 1.5 eV, which is slightly lower than the overall activation energy of 2 eV reported by Puretzky et al. [24] . We can speculate that this value is directly comparable to the 1.6 eV activation energy for the bulk diffusion of carbon through a metal catalyst nanoparticle to the growth edge of a nanotube [24, 26] . Even in the case of surface diffusion, the energy required to be incorporated into the graphitic structure of the SWCNT should be comparable. Figure 5b shows values of the initial growth rate γ 0 as a function of ethanol pressure for different CVD temperatures. The behavior is more apparent at 800 and 850°C, but for a given CVD temperature, γ 0 is proportional to pressure up to P opt (∼ 1.8 kPa for 800°). This indicates that below P opt the synthesis reaction is limited by the rate at which ethanol molecules arrive at active sites on the catalyst. This means the growth of VA-SWCNTs in this pressure regime is governed by a first-order reaction. Above P opt the behavior changes, presumably because the flux of ethanol at the catalyst is more than sufficient to sustain the reaction, so a different step in the overall process becomes the rate-limiting step.
Burning and the growth environment
Although VA-SWCNT growth usually occurs as described in the preceding discussion, where the film approaches its maximum thickness as t → ∞, an apparent decrease in film thickness has been observed [16] for CVD times of 30 min or longer. It was hypothesized that this decrease may be due to burning of the VA-SWCNT film, possibly caused by a slow leak of air into the CVD chamber. However, since γ 0 and τ can vary for VA-SWCNTs synthesized under similar conditions, it is also possible that one or both of these parameters were slightly lower at the onset of growth for those films grown for longer CVD times, thus reaching a shorter maximum height and giving the illusion of a decrease in film thickness. In order to clarify whether or not burning is occurring, we monitored the growth process of VA-SWCNTs synthesized under different vacuum conditions. Immediately prior to heating the CVD furnace, the room-temperature leak rate into the CVD chamber was measured. The chamber was then heated to 800°C, and ethanol was introduced. When the growth rate had diminished to essentially zero, the ethanol flow was stopped and the CVD chamber was held at 800°C.
Growth profiles corresponding to two different leak rates are shown in Fig. 6a , with an arrow indicating where the ethanol flow was stopped in each case. The upper series (diamonds) corresponds to a leak rate of 2.6x10 −3 sccm. For this case, there was no measurable change in absorbance after stopping the ethanol flow. The lower series (triangles) corresponds to a case where the leak rate was more than three times faster (8.4x10 −3 sccm). After cutting off the ethanol supply at t = 15 min, a decrease in the absorbance was soon apparent. This decrease is shown in detail in Fig. 6b . We find τ is similar for both cases, but γ 0 is more than five times larger for the slow-leak case (diamonds). This indicates the initial growth rate is sensitive to the CVD environment immediately prior to growth.
Burning of the VA-SWCNTs is evidenced by the decrease in optical absorbance, but it is not known where this burning occurs. It is possible that the top of the VA-SWCNT film is burned preferentially, causing the film thickness to decrease, but defective or small-diameter SWCNTs may burn at lower temperatures, leading to an overall 'thinning' of the entire film. Another possibility is that the presence of oxygen at the catalyst may initiate burning at the base of the film. This issue has been addressed in a separate study [27] , so for simplicity in analysis, we treat burning as if it were causing a decrease in the thickness of the film but no change in its density. Making this assumption, the discussion in the previous section can be extended to include burning of the SWCNTs simply by subtracting a constant term β [µm s −1 ] from the growth term in Eq. (2). This yields
where β effectively opposes the growth rate γ(t). The resulting expression for the Fig. 6. (a) Two cases where the leak rate of air into the CVD chamber was slow (upper series, diamonds), and fast (lower series, triangles). In both cases, the ethanol supply was cut-off after growth had effectively stopped (indicated by the arrows) and the CVD chamber was held at 800°C. A decrease in absorbance detected for the fast leak case (triangles) is shown in detail in (b), where the dashed curve was fitted using Eq. (3), and the solid curve using Eq. (8), which accounts for burning. film thickness including burning effects is
Since burning obviously cannot occur if there are no SWCNTs, the conditions imposed on β are
The physical interpretation of β is oxidation of the SWCNTs. Since the conditions inside the CVD chamber are unchanged during growth, it is reasonable to assume the burning rate is constant. The linear trend observed in Fig. 6b also suggests this is the case.
The data in Fig. 6a were fit using both Eq. (3), in which burning effects are ignored (β = 0), and Eq. (8), which accounts for burning (β > 0). For the slower leak case (diamonds), both fitting methods yield the same result, with β 0 in Eq. (8) .
Similarly, fittings for the faster leak case are shown in detail in Fig. 6b . When burning is ignored (dashed line), the early growth is well-described, but after stopping the ethanol flow, the data are only fit accurately if burning effects are included (solid line). The value of β obtained from this fitting is approximately 2% of γ 0 (β ≈ 0.008 µm/min). This value is quite small, meaning burning would not be noticeable for short CVD times, but can become significant after long CVD times when the growth rate has diminished to essentially zero and only burning remains.
From Eq. (7) we can see that burning will eventually dominate, and the growth rate will become negative. This transition occurs at some time t = t c , when γ(t c ) = 0 and β = γ 0 exp −t c τ . We can then obtain an expression for t c , which is
Various fittings using Eq. (8) yielded values of t c between 50 and 100 min, with an average of 70 min (Fig. 7) . Since this is considerably longer than the effective CVD time, burning is insignificant in most cases. However, when the leak rate is appreciable, t c is comparable to the CVD time and burning of the film can become significant. For the two cases shown in Fig. 6a , the values of t c for the upper and lower cases are 102 and 15 min, respectively. Although accurate determination of t c is difficult because in most cases β γ 0 , this is not important so long as t c t CVD . Figure 7 does not show any transition where burning effects emerge, but we presume it is safe to say that a leak rate below 0.005 sccm should be sufficiently slow for burning to be negligible. It should be noted that a slow leak rate could be further slowed by flushing the system with Ar/H 2 for one hour or more, but faster leak rates (e.g. the case in Fig. 6b ) were unaffected by this treatment. This suggests the slow 'leak' determined for the majority of cases may be due to outgassing from within the CVD chamber, rather than an actual leak in the vacuum system. Faster leak rates may be due to actual leaking of air into the chamber, causing the observed burning.
Optical measurement of VA-SWCNT burning
The standard method of measuring the burning temperature of a material, thermogravimetric analysis (TGA), usually requires several hundred µg of material to obtain a decent measurement. This is usually a trivial amount, but can be significant for scarce or low-mass materials. Here we present a way of using the in situ optical measurement to determine the burning temperature of a VA-SWCNT film, which is difficult to measure by conventional TGA. In this measurement, shown in Fig. 8 , the optical absorbance of a VA-SWCNT film was measured while heating the film from room temperature to 925°C at a constant rate of 5°C/min. The heating environment was dry air at 1 atm. The upper axis shows the temperature inside the chamber, and the lower axis shows the heating time. Burning of the VA-SWCNTs is clearly seen by the significant decrease in absorbance at ∼ 600°C. This measurement is made over the cross-sectional area of the incident laser beam (a few µm 2 ), thus can be performed on a small, representative portion of a sample. Furthermore, using the optical method allows VA-SWCNTs to be measured in their as-grown state, whereas TGA requires some dispersion and collection of the SWCNTs, possibly from a number of different batches. 
Summary
We investigated the growth dynamics of vertically aligned single-walled carbon nanotubes (VA-SWCNTs) using an in situ optical absorbance measurement. The growth can be described by an exponentially decaying growth rate and a reaction time constant. The temperature-pressure dependence of the VA-SWCNT film growth was investigated, and we find there is an optimum pressure at which the growth is maximized. Below this optimum pressure, which increases with CVD temperature, the growth rate is linearly dependent on ethanol pressure, indicative of a first-order reaction. In this pressure regime the reaction is rate-limited by the rate of arrival of ethanol at active catalyst sites. An Arrhenius plot of the initial growth rates corresponding to the optimum ethanol pressures yields an activation energy of approximately 1.5 eV. A novel method for measuring the burning temperature of low-mass materials was also introduced, which combines the sensitivity of the in situ optical absorbance measurement with controlled oxidation of the material. This method may be attractive as an alternative to conventional methods when dealing with materials such as VA-SWCNTs, where the available quantity is limited, or for testing a small, representative portion of a larger sample.
